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Various alleged indirect dark matter search signals, such as the 511 keV line from galaxy center or the PAMELA/AMS02 signal, are often challenged by the absence of corresponding signal from dwarf galaxies and/or by the absence of an impact on CMB through delayed recombination. We propose a novel scenario that can avoid these bounds based on the decay of dark matter, X, to a pair of intermediate particles C andC with a lifetime much greater than the age of universe. The annihilation of these intermediate particles eventually leads to a dark matter signal. The bounds from CMB can be easily avoided by the fact that at the time of recombination, not enough C particles had been accumulated. In order to keep C particles from leaving the galaxy, we assume the particles have a small electric charge so in the galactic disk, the magnetic field keeps the C particles in the vicinity of their production. However, they can escape the dwarf galaxies and the dark matter halo where the magnetic field is weak, leading to null signal from these regions. The small charge can have interesting consequences including a signal in direct dark matter search experiments.
I. INTRODUCTION
From cosmological and astronomical observations, the evidence for the existence of a new form of matter known as Dark Matter (DM) is overwhelming. To establish the existence of DM and to learn its microscopic properties, a host of direct and indirect DM search experiments have been designed. A number of these experiments have found signals that might originate from DM but none of them has been so far conclusively established as DM discovery. Some of these alleged signals have disappeared altogether by collecting more data. However, there are other examples that have stood the test of time and statistics but the dark matter interpretation of these signals has become less popular only because the simplest DM scenario accounting for the observed signal also predicts other accompanying signals that have not been observed. The notorious examples of such accompanying signals are delayed recombination (and therefore impact on CMB) and a signal from dwarf satellite galaxy where the ratio of DM to ordinary matter is expected to be high. The aim of the present paper is to propose a scenario that can avoid these bounds, rendering the DM interpretation of observed signals viable.
For over 40 years, a signal of 511 keV photon line has been observed from galaxy center [10] . The 11 years data from the SPI spectrometer at INTEGRAL established the signal at 56 σ C.L. The 511 keV photons are expected to come from annihilation of the electron positron pair in form of positronium atoms in the bulge of galaxy. The origin of the positrons is a mystery. A plausible source can be the annihilation of DM. Although other more conventional sources such as X-ray binaries and pulsars can also contribute to positrons but they should also lead to higher energy photons with a characteristic spectral shape that is not compatible with observations [2, 43] . Moreover, these point sources predict a morphology different from that of the observed 511 keV line with bulge to disk ratio larger than one [3] .
As has been shown in [4] , if DM is composed of particles with mass of few MeV annihilating to e − e + with a crosssection of ∼ 10 −4 pb, the intensity and morphology of the 511 keV line can be neatly explained. As indicated in [5] , if the annihilation to e − e + is a S-wave process, the reioinzing energy dump at recombination will be large enough to lead to delayed recombination so the scenario is ruled out by CMB . On the other hand, if the annihilation is P -wave, at temperatures of order of DM mass, we expect an annihilation cross section of ∼10 pb which washes out the relic density of DM. Thus, this simple scenario is ruled out.
We suggest a scenario that can circumvent the bound from CMB. Let us suppose that DM is composed of scalar particles of mass ∼ 10 MeV denoted by X. Similarly to the SLIM scenario, X particles can be produced via thermal freeze-out scenario with σ(XX → νν) ∼ 1 pb [6, 7] . Let us suppose that the X particles decay with a lifetime larger than the age of universe to a pair of C andC particles which have an electric charge of |q|
The magnetic field in galaxy will be enough to keep the C particles at a distance from galaxy center close to that at their production point. Thus, the profiles of C andC particles will follow the profile of the dark matter in galaxy: n C = nC = f n X where f = Γ X t 0 in which Γ X is the decay rate of X and t 0 is the age of the Universe. If the CC annihilation leads to the e + production, the morphology of the 511 keV line will be similar to DM annihilation scenario (with n 2 X dependence) which, as mentioned before, fits the observation. Notice that the C andC particles will be relativistic so f cannot be larger than 1 % [8] . At the recombination, the C andC density will be too small to lead to any significant reionization so the bound from CMB is circumvented. Moreover, because of the smallness of the magnetic field, the dwarf galaxies are not in general expected to accumulate the CC pairs so we do not in general expect a significant 511 keV signal from a typical dwarf galaxy with small magnetic field [9] . As shown in [9] , among the 39 dwarf galaxies of milky way that were studied, only Reticulum II shows a 511 keV signal with a significance larger than 3σ. Unfortunately the magnetic field in this dwarf galaxy is not properly known. Better determination of the magnetic field in dwarf galaxies will provide a new tool to test our model. In section II, the scenario is explained and various bounds on its parameters is discussed. In section III, the prospect of testing the scenario by direct dark matter search experiments is discussed. In section IV, the results are summarized.
II. THE SCENARIO
We assume that dark matter is mainly composed of particles, X. The metastable X particles decay into CC with a decay rate of Γ X . If these C particles remain at a distance from galaxy center close to that at their production point, their number density now (at t 0 ) will be given by
f is the fraction of X particles that have decayed. Observed intensity of 511 keV line from galactic center after eleven years of data taking by INTEGRAL is Φ 511 = (0.96 ± 0.07) × 10 −3 ph cm −2 sec −1 [10] which is in remarkably good agreement with earlier reports [4] . Let us calculate expected flux from galactic center in our model. Assuming that each CC pair annihilation leads to N pair pairs of e − e + and therefore to N pair pairs of photons, the flux from the galaxy bulge can be estimated as
where r b 1 kpc is the bulge radius, r sol 8 kpc is the distance of the solar system to the galaxy center and finally n X = ρ X (r)/m X is dark matter number density. Considering an NFW halo profile with a scale radius of 20 kpc and a local dark matter density of 0.4 GeV/cm 3 [18] , we find that in order to reproduce the observed intensity of the 511 keV line [4] , the CC annihilation cross section should satisfy
If CC directly annihilate to e − e + , such large annihilation cross section requires a value of coupling to the electron that has already been ruled out. (For example with effective coupling (ēe)(CC)/Λ, the cross section of 50 pb requires Λ ∼ 100 GeV which means the virtual particle leading to this effective coupling should have already been discovered at LEP.) The CC pair can annihilate to a pair of new scalars φφ which in turn decay into e − e + (φ → e − e + ). Thus, in this model N pair = 2. An effective coupling of form
can lead to φ → e − e + . For g φ < 10 −11 , the production of φ in the supernova core will be too small to affect its cooling so the supernova bounds can be satisfied. Moreover, taking g φ > 10
−15 , φ can decay before traveling a distance exceeding 10 pc. If C is confined within a distance smaller than ∼ 100 pc from its production point and if φ travels less than ∼100 pc before decay, the morphology of 511 keV line will remain consistent with a n 2 DM profile which is favored by observation. 1 We therefore take 0.3 × 10 −15 < g φ < 10 −11 . Since we do not want φ to have electroweak interaction, we take it to be a singlet of the Standard Model (SM) gauge group. The g φ coupling can originate from mixing with the SM Higgs via the term a φ φ|H| 2 which leads to
in which Y e is the Yukawa coupling of the SM Higgs to the electron. Since a φ < ∼ m φ , at tree level no fine tuning is required to maintain the required hierarchy between the H and φ masses. In this sense, the model is natural. The number density of n φ produced via e − e + → φγ in the early universe can be estimated as n φ ∼ σ φ v n φ , we can write n φ /n γ = 8 × 10
Of course the density of φ at T ∼ 1 MeV was too small to affect BBN. Moreover for g φ > 10 −15 , φ particles decay well before recombination. At the time of decay [at t = Γ
1 so the decay of φ cannot pump enough energy to warm up the background plasma and affect CMB.
Let us now build a mechanism to keep C particles confined. There are (at least) two possibilities:
• The C particles have velocities smaller than the escape velocity; i.e., v
In order for C particles to be so slow at production, the fine tuned relation (m X − 2m C )/m C ∼ v 2 < 10 −6 should be satisfied which is difficult to justify. Another possibility is that the C particles somehow lose enough energy before traveling a distance of ∼ 10 pc.
• The C particles stay in galaxy due to the interaction of their tiny electric charge, q, with the background magnetic field. In the galactic center, there is a magnetic field of axial symmetry with a magnitude of ∼10 µG [12, 13, 40] which keeps the C particles confined in the galactic center. To reproduce the observed morphology of the 511 keV line, the Larmour radius r L = 5 pc × (
) in the galaxy center magnetic field should be smaller than 100 pc. The required value of q versus m X = 2E C is shown in Fig 1- a. With such small q, all the relevant bounds are satisfied but for the parameter range of our interest, as shown in [13] , the pico-charged particles can become accelerated in the supernova shock waves within time scales of 100 Myr so unless an energy loss mechanism with τ −1
−1 is at work, the Larmours radius will increase and C andC particles will escape the galactic center. The synchrotron radiation from C particles in magnetic field is suppressed by q 4 and is too small to efficiently cool down the C particles.
In summary, in both cases we need a mechanism for energy loss. In what follows we will focus on the second solution with pico-charged C trapped in the galactic magnetic field. Fortunately, as we shall see below, the same mechanism that provides electric charge for C also naturally provides a mechanism for cooling. Let us now briefly discuss how the C particles can acquire such small (but non-zero) electric charge. As shown in [14] , the tiny electric charge can come from the mixing of hyper-charge gauge boson with the gauge boson of a new U (1) X gauge symmetry under which the C particles are charged. After breaking of U (1) X ×SU (2)×U (1) Y → U (1) em , the W and Z bosons as well as the new gauge boson become massive. Moreover, the particles charged under U (1) X obtain a tiny charge under U (1) em , given by the mixing between U (1) X and U (1) Y gauge bosons. The new gauge boson is often called dark photon and denoted by γ . The new gauge coupling is denoted by g X ; i.e., The coupling of C andC to γ is g X . Interestingly, as shown in appendix A of [14] , if a certain relation between kinetic and mass mixing holds, independently of the mass of new gauge boson and its coupling g X , relation q = g /e holds and the mass of γ becomes arbitrary. Moreover, at the tree level, γ does not couple to the SM fermions.
Notice that there is no symmetry to prevent γ particles from decay. Kinematically available decay modes are γγ, γγγ, νν and etc. Notice that according to the Landau-Yang theorem, γ → γγ is forbidden [15] . For general values of kinetic and mass mixing, the coupling of the electron and other SM charged fermions to γ will be of order of q, too. An electron loop then leads to γ → γγγ with a lifetime of ∼ 100000 years. However, as mentioned above there is a limit where SM charged particles do not couple to γ . In this limit, the dominant diagram leading to decay γ → γγγ will be a one-loop diagram in which C particles propagate. The lifetime will be then given by
2 ). For simplicity, we will assume that the relation between kinetic and mass mixing holds, leading to a stable γ which, as we see below, will also provide a cooling mechanism.
For T m C , the cross-section of SM + SM → C +C (via s-channel photon exchange) is σ ∼ q 2 e 2 /(4πT 2 ) which means at temperature T , the ratio of the number density of electromagnetically produced C (via processes such as e + e − → CC) to n γ isṅ C H −1 /n γ = 5 × 10 −5 (q/10 −11 ) 2 which is still too large as it can lead to sizeable reionization at recombination. Taking γ lighter than C particles, the CC → γ γ annihilation can efficiently convert the CC pairs to γ γ . In fact, solving the Boltzman Equation,ṅ C + 3Hn
Ref. [16] , has derived a bound of ∼ 10 −30 cm 3 sec −1 on σ(DM + DM → e + e − )v from reionization effect on CMB for dark matter mass in the range of 0.5 MeV to 15 MeV. In models that dark matter pair directly annihilate into e + e − , the energy dump rate per volume is proportional to n 2 DM σ(DM + DM → e + e − )v . In our case, the energy dump rate per volume from CC annihilation is proportional to n 2 C σ(CC → φφ)v . As a result if (
−30 cm 3 sec −1 , the bounds from CMB will be satisfied. This condition yields
As we shall see this bound can be readily satisfied for the parameter range of our interest. From Eq. (6) we observe that for large enough σ(CC → γ γ )v , all CC pairs in the early universe will practically convert to γ pairs well before recombination:
The γ particles will be non-relativistic at matter-radiation equality (when structure formation practically starts) and at recombination so they count as components of cold dark matter. As a result the bound on relativistic degrees of freedom from CMB does not apply for γ ; However, As long as m γ < MeV, these particles at BBN act as relativistic degrees of freedom so BBN bound ∆N ef f < 0.7 [17] should be imposed. To be on safe side, we take n γ /n γ < 0.1 which implies q < 3 × 10 −10 . Remembering ρ 0 DM = keVcm −3 and n γ = 400 cm −3 , as long as m γ < 10 keV(10 −11 /q) 2 , the contribution of γ to DM will be subdominant. Thus, for 10 −11 < q < 3 × 10 −10 , we arrive at 10 eV < m γ < 10 keV. For massive γ , we expect the density of γ in our galaxy center to be larger than the average γ density of the universe:
Dark matter density in the galactic bulge is still uncertain. Even if we fix the local dark matter density to 0.4 GeV/cm 3 and assume generalized NFW model with arbitrary γ parameter [18] , we find that at the outer layers of the galactic bulge (i.e., at r = 1 kpc), ρ DM ∼ 3 − 10 GeV cm −3 . Assuming a nominal and rather conservative value ρ DM | GC = 3 GeV cm −3 at bulge, we find that n γ at Galaxy Center (GC) is n γ ∼ 10 5 (q/10 −11 ) 2 cm −3 . Increasing dark matter density value to ρ DM | GC = 10 GeV cm −3 , the cooling process for C particles becomes even more efficient. On average, the relativistic C particles at each collision with background γ can lose energy of
The scattering cross section of C off γ is σ S 3g 4 X /(4πm 2 C ) so the cooling time, τ E , down to final velocity v f is given by
10
5 cm
It is remarkable that τ E is given by (n γ m γ ) −1 so irrespective of q, as long as n γ m γ is fixed, we obtain the same τ E . Notice that for v ∼ 1, the energy loss rate is high but as v decreases, the energy loss rate decrease as
the energy gain from supernova shocks compensates the energy loss from scattering. In the vicinity of the Sun, n γ , which follows the ρ DM profile, is 10 times smaller than n γ at the galaxy center. That is n γ | at Earth = 10 4 (q/10 −11 ) 2 cm −3 . From Eq. (11), we therefore expect the velocity of C particles around us to be ∼ few 0.1. Notice that the γ particles after scattering gain a recoil energy which can cause them to escape the galaxy. That means over time, the density of γ in galaxy decreases. Let us check if during the lifetime of the galaxy (i.e., ∼ t 0 ∼ 10 Gyr), enough γ remains to cool down all the produced C andC. We have chosen the value of g X such that during 0.1 Gyr, the number of scatterings of each C andC to be
Thus, during t 0 = 10 Gyr, each C andC repels 2(t 0 /0.1 Gyr)δn γ /C ∼ 10 5 (keV/m γ ) dark photon from the galaxy center. As a result, the number of γ repelled from unit volume is ∆n γ = 200000f (ρ X | GC /m X )(keV/m γ ). Requiring ∆n γ < n γ | GC implies f < 10 
It is remarkable that the dependence of δn γ /C on m X is mild so even with m X m C , the number of repelled γ by each C andC does not significantly increase and we arrive at Eq. (12) . Remember that Ω γ sets an upper bound on m γ q 2 . The bound in Eq. (12) on f is comparable to the bound from the constraint on the relativistic component of DM [8] . Another upper bound on f comes from the bound on the rate of CC → γ γ in the galaxy. We want the rate of this process to be much smaller than t −1 0 so that C andC pairs can be accumulated. This yields 
Remember that all this discussion was based on the assumption that γ coupling to the SM charged particles vanish, making γ (meta)stable. If γ coupling to the SM charged particles does not vanish, γ will be unstable. We can then introduce another scalar φ with a coupling of form λ Cφ |C| 2 (φ ) 2 . By imposing a Z 2 symmetry, φ becomes stable. By adjusting λ Cφ , the CC → φ φ annihilation mode can be dominant. The above argument can be then repeated by just replacing γ with φ .
Let us now enumerate the various bounds on q.
SLAC bound:
The SLAC millicharged experiment has searched for hypothetical millicharged particles that could be produced at the SLAC positron target by looking for the ionization and excitation effects during the passage of the potentially produced millicharged particles in matter. The null results from the searches set an upper limit of 4.1 × 10 −5 e − 5.8 × 10 −4 e on the electric charge for millicharged particles of mass 1 MeV − 100 MeV [19] .
2. Supernova bound : The main process for milli-charged particle production in a supernova is plasmon decay to these particles. Considering energy loss rate of Supernova 1987A, an upper bound of 10 −9 on charge is obtained [20] .
3. Bounds from BBN: As we discussed earlier, a mixing between γ and γ can lead to the production of the C and γ particles in the early universe which can in principle affect BBN. In the context of the mirror model where each SM particle has a dark counterpart with the same mass, Ref [24] finds an upper bound of 3 × 10 −10 on kinetic mixing (corresponding to an upper bound of e × 3 × 10 −10 = 10 −10 on q). This bound does not apply in our case because in our model, the dark sector is not an exact replica of SM sector. As discussed before, in our model CC can be produced via Drell-Yann process e − e + → γ * → CC and CC in turn annihilate to a γ pair. Notice that since γ particles do not couple to the SM charged particles at tree level, they cannot be produced directly. (See appendix A of [14] .) As discussed before taking m γ MeV, the produced γ will count as extra relativistic degrees of freedom; i.e., a new contribution to N ef f . Taking ∆N ef f < 0.7 [17] , we find the limit shown in Fig 1 and marked with BBN. Remember that in our model the DM particles, X, have a mass of O(10 MeV). As mentioned before in the introduction, one plausible possibility for the DM production in the early universe is the SLIM scenario [6, 7] in which X particles are produced thermally with S-wave annihilation to neutrino pairs and anti-neutrino pairs: σ(X + X → νν,νν)v | tot = 1 pb. The bounds from CMB on N ef f then implies m X > 5 MeV [5] .
There are also bounds on the initial energy of e + injected in the galaxy, E inj . If positrons produced in dark matter annihilation in galactic center are mildly relativistic, high energy gamma rays will be produced. Comparing gamma-ray spectrum due to inflight annihilation to the observed diffuse Galactic gamma ray data, an upper bound of 3 MeV is found on E inj [21] . Notice however that this analysis assumes negligible ionization in galaxy. Taking into account the radiation components related to in-flight annihilation and internal Bremsstrahlung with more conservative assumptions about ionization fraction, Ref [22] sets an upper bound of 7.5 MeV on E inj . Another upper bound of 10 MeV is found on E inj by considering Voyager spacecraft electron positron data [23] . 2 Remember that in our model, CC → φφ is followed by φ → e − e + . Also remember that the energy of majority of C particles is m C (1 + v 2 f /2) m C . E inj is therefore expected to be ∼ m C /2. The upper bound on E inj therefore corresponds to an upper bound on m C /2 which is shown in Fig 1-b .
The C andC particles can be easily trapped in the magnetic field of pulsars. However, the e + flux from CC annihilation in pulsars is negligible in comparison to diffuse flux. Let us study the effect of magnetic field of the sun on C particles. The magnetic field at the surface of the sun is about 1 Gauss [25] . Larmour radius of the trajectory of C particles at the solar surface is then given by:
Comparing it with the solar radius (r s = 7 × 10 5 km), we find that r s r L . Thus, the effect of magnetic field of the sun on C particles is negligible. The effect of the magnetic field of Earth on the trajectory of C particles is then by far negligible (r s r L ).
III. DIRECT DETECTION
As is well-known, the recoil energy in the scattering of non-relativistic dark matter of mass of few MeV off nuclei is too small to be detectable by current direct dark matter search experiments. However, as we discussed in the previous section, C particles are expected to have velocities of v ∼ 1/3 in our vicinity (see Eq. (11)). The C particles, being relativistic can lead to average recoil energy
at scattering off nuclei with mass M N which is below the energy threshold of current DM search experiments such as the LUX experiment [26] with E th = 3 keV, DAMA [27] with E th = 2 keV and CRESST II [28] with E th = 300 eV. However, the upcoming direct dark matter search experiments such as SuperCDMS with E th = 56 eV [35] , CRESST III with E th = 10 − 20 eV [29] and Edelweiss III with E th < 100 eV [36] can probe such small recoil energies opening up the hope to probe this scenario. The target usually used in low energy threshold experiments is Silicon with mass of 28 GeV. The differential event rate per unit of target mass resulting from the pico-charged particle interactions can be written as
where
in which E max r = 2 ∆E ∼ 70 eV is maximum recoil energy. In above formula, | F | is the nuclear form factor and is close to one when momentum transfer is much smaller than the nucleus target mass. The event rate can be written as In the above formula, we have set E th = 56 eV which is the value reported for SuperCDMS [35] . The current bound from CRESST II constrains N events < 0.1 (kg.day) −1 at 1σ C.L. [33] . A slightly weaker bound on the event rate is provided by the Edelweiss II experiment [31] : N events < 0.16 (kg.day) −1 at 1σ. The corresponding bounds on the charge are shown in Fig. 1-b for m X = 10 MeV and f = 10 −4 . Pico-charged C particles with electrical charge of 10 −11 can be detected with future experiments if the bound on N events is improved by a factor of 100. The next phase of Edelweiss III experiment will start data taking in 2018 with an exposure of 1200 kg.days with energy threshold of less than 100 eV [36] . The curve in figure 1-b marked with Edelweiss III shows the forecast for the sensitivity of the Edelweiss III experiment with E th = 60 eV. The SuperCDMS experiment will start data taking in 2020 and is expected to achieve an exposure of 1800 kg.days [34] . As can be seen from the plot for this exposure and E th = 56 eV this experiment will be able to probe a significant part of the parameter space of our model. Phase II-b CRESST III experiment will start data taking in January 2018 for expected time scale of one year with exposure of 1000 kg.days [32] . Phase III of CRESST III experiment will take data from January 2019 to December 2020 reaching very low energy threshold of 10 − 20 eV [32] . As is shown in figure 1-b , CRESST III experiment with E th = 10 eV and with an exposure of 1000 kg.days (which can be achieved by 2020) can probe the entire parameter space of our interest.
Notice that in our model dσ/dE r ∝ 1/E 2 r which indicates that when recoil energy decreases, dσ/dE r increases as E −2 r . This energy dependence is very unique and is not expected in dark matter models that interact with matter via exchange of a heavy virtual state. Even in light anapole or magnetic dipole dark matter models, where interaction is through exchange of the photon, we do not expect such a dependence on E r because in these models the vertex is also proportional to energy-momentum exchange [41] . Thus, if statistics allows, by reconstructing the dependence of dσ/dE r on E r , this scenario can be tested.
Before summarizing, let us study the possibility of studying the scattering of the C particles off the electrons in detector. Replacing M N with m e in Eq. (15), we arrive at the formula for average recoil energy scattering off electrons in a target which gives ∆E | electron = 54 keV. The cross section is given by Electric charge of C particles versus dark matter mass, mX , which is equal to twice the energy of C particles at production in the galaxy: EC = mX /2. Blue dashed curve shows lower limit above which the C particles with energy mX /2 stay in magnetic field of 10 µG with Larmour radius below 100 pc. Red vertical line indicates CMB lower bound on dark matter mass [5] . Shaded area shows the range of q for which energy pump by supernova shock-waves in the galaxy is efficient . Fig b (lower panel) : Bounds on the charge of C particle versus its mass. Line marked with supernova comes from supernova cooling [20] . Curve marked with BBN comes from imposing ∆N ef f < 0.7 at the BBN era. Current bounds from Edelweiss II [36] and CRESST II [28] direct dark matter search experiments are shown along with the forecast for future experiments: Edelweiss III with E th = 60 eV, SuperCDMS with E th = 56 eV and CRESST III with E th = 10 eV. Curves are drawn under conservative assumption f = ΓX t 0 = 10 −4 and mX = 10 MeV. The velocity of the C particles is taken equal to 1/3. The horizontal lines at 4 × 10 −11 and 5 × 10 −12 show lower bound on q above which C particles with energies respectively equal to mX /2 = 20 MeV and mX /2 = 2.5 MeV do not leave the vicinity of the Earth; that is, they have Larmour radius below 0.3 kpc (the thickness of the galactic disk) for B = 1 µG (typical magnetic field at 8 kpc from galactic center). Vertical lines show upper bounds on mC (twice the energy of e + at injection) from voyager [23] and different analysis of inflight annihilation [21, 22] . This is well below the current sensitivity limit of XENON100 [37] and leads to a weak constraint on electrical charge (q < ∼ 10 −7 for m c ∼ 3 MeV). It may be probed by a larger Borexino-type solar neutrino experiment with an energy threshold below ∼ 50 keV. Studying the potential effect is beyond the scope of current paper and will be studied elsewhere.
Let us summarize the main results of this section. Taking into account the background for N events , the bounds from these experiments are shown in Fig. 1-b . As seen from this figure, the C particles with mass larger than 10 MeV coming from decay of dark matter with mass of 40 MeV, are already excluded by CRESST II experiment. Future experiments such as Edelweiss III, CRESST III and SuperCDMS will be able to probe a significant part of the parameter space. For C particles coming from decay of dark matter with mass of 5 MeV (lower bound on dark matter mass from CMB bound), CRESST III experiment with energy threshold of 10 eV, will be able to probe the entire parameter space of relevance to this model.
IV. SUMMARY AND CONCLUDING REMARKS
We have proposed a novel scenario for dark matter within which the chances for finding an indirect dark matter signal from dark matter in our galaxy enhances despite the new stringent bounds from delayed recombination CMB bound and null results from dwarf galaxies. In this scenario, dark matter is composed of scalar metastable particles (denoted by X) which decays to a pair of C andC particles with a lifetime of ∼ 1000 times the age of the universe. The C andC particles are charged under a new U (1) X gauge symmetry whose gauge boson called dark photon mixes with the hypercharge gauge boson creating a tiny electric charge for the C particles. The C andC particles, produced by the decay of particles in galaxy, are trapped in a distance from galaxy center close to that of their production point by the galactic magnetic field. Their eventual annihilation leads to indirect dark matter signal.
At production the C particles are ultrarelativistic (v 1) but as we showed, their scattering off the background relic dark photons provides an energy loss mechanism which reduces their velocity in the galaxy down to v ∼ 1/3 − 1/2. This natural energy loss mechanism protects the C andC content of galaxy against energy pump by supernova shock waves [13] .
The upper bound on the ratio of relativistic C andC particles to X particles (i.e., f = Γ X t 0 ) is 10 −3 . In this model, the density of C andC particles at recombination would be too small to lead to a significant delay in recombination simply because at Γ X t| recombination 1. Moreover, the magnetic fields at dwarf galaxies are too weak to keep C and C from escape so we do not expect DM signals from dwarf galaxies.
The main focus of the present paper was on a mechanism to revive the DM interpretation of the 511 keV line observed from the galaxy center. In order to account for the intensity of the line, the CC annihilation rate should be given by 50 pb(0.0001/f ) 2 (m X /5 MeV) 2 . The energies of e + and e − at injection are expected to be around m C /2 so the upper bounds on E inj from various observation can be translated into bounds on m C < few 10 MeV (independent of the value of m X ) as shown in Fig. 1-b . The C andC particles can be trapped in the magnetic field of pulsars; however, the 511 keV flux at Earth from annihilation of the CC particles in the pulsars (point sources) is expected to be negligible compared to the diffuse flux from galaxy center.
The C andC particles, having electric charge, can scatter off protons in the direct dark matter search experiments. Since these particles are relativistic (v ∼ 1/3 − 1/2), the recoil energy can be relatively large and discernible at upcoming direct dark matter search experiments with E th < 100 eV such as Edelweiss III, superCDMS and CRESST III. As shown in Fig 1-b , the entire parameter space of relevance for the 511 keV solution can be tested by these experiments by circa 2022. If the mass of C particles is relatively large ∼ 15 − 20 MeV, the e + particles from its annihilation may be detected by the Voyager spacecraft which is now exploring the interstellar medium [23] . Another characteristic prediction of the scenario is the absence of a signal from dwarf galaxies or from parts of DM halo beyond the disk where magnetic field is weak. The magnetic fields at dwarf galaxies are still poorly known. With better studying the correlation of the 511 keV signal with magnetic fields, it will be possible to test this model. Measurement of the magnetic field in dwarf galaxies is possible by Faraday rotation and polarization measurements [40] . Future high resolution and high sensitivity observations at high radio frequencies with the Jansky Very Large Array (VLA) and the planned Square Kilometer Array will make it possible to study the magnetic field structure of dwarf galaxies more precisely [42] .
